The in-situ combustion is an Enhanced Oil Recovery process that affects reservoir rocks elastic properties. We have modeled the seismic response and the rock elastic properties modifications due to the heat generated by the combustion process in the reservoir and the substitution of original pore liquids by gases. Due to the changes of the elastic properties of the rock, two major effects in timelapse seismic data are produced, both for PP and converted PS reflections: (1) reflectivity amplitude changes at the top and bottom of the reservoir up to the front of combustion and (2) time-shifts for reflectors in the zone affected by temperature changes and particularly beneath the reservoir. Our results show that the time-lapse seismic data is sensitive to the combustion process. In addition, there are basis for decoupling the temperature effect, mostly affecting time-shifts, and the combustion front propagation, mostly affecting reflectivity in the enclosed area delimited by the front. A field experiment made in one of the Llanos basin oil fields in Colombia with the deployment of timelapse seismic monitoring confirms our results on the sensitivity of the method to map the progress of the in-situ combustion process.
Introduction
The in-situ combustion method is an Enhanced Recovery process that has been proven to be successful in many heavy oil fields. In this process, air is injected trough an injector well and combustion is triggered in-situ. During In Situ Combustion process, the temperature increase dramatically, chemical reactions occurs with the crude generating coke as a fuel and liberating some gasses such as CO 2, steam, CO, N 2 , among others. The chemical process also affects the reservoir rock matrix properties. The combustion front propagates away from the injection well generating heat and combustion gases (CO 2 and steam), with front speeds of the order of feet per day depending on the rock properties of the reservoir, permeability, site and process setting conditions, among other parameters. The generated gas and the reduction of oil viscosity due to temperature increase drive the oil displacement and its recovery in the producer wells.
Monitoring the process evolution is important to estimate the front position and to control the volumetric sweep efficiency and reserves displacement via air injection rate synchronization, among other techniques. Greaves and Fulp (1987) first described successful results from the application of seismic time-lapse monitoring to an in-situ combustion process, showing changes in reflection amplitudes. In this work, we have modeled, for the specific site conditions of an in-situ combustion experiment at los Llanos basin in Colombia, the expected changes in rock properties and the corresponding seismic time-lapse response. The purpose of the work is to evaluate the sensitivity of the monitoring seismic method and characterize its response. The field time-lapse experiment has been implemented with confirmation of the method sensitivity to the monitoring process.
Combustion and rock physics modeling
Changes in the rock properties due to the in-situ combustion are multifold: (1) substitution of liquid phases (oil and water) by gas phases (CO 2 , Nitrogen and steam, among others) in the rock pores, (2) temperature increase in the reservoir due to heat generated, and (3) a degradation of the rigidity and bulk moduli in the burned rock reservoir frame. The first one is common to other gas injection processes while the second and third are specific to the combustion driven method. Figure 1 shows the modeled temperature for a given time after the ignition of the combustion process. The spatialtime variation of the temperature has been modeled combining tube combustion laboratory data and reservoir flow modeling. It shows an exponential decay of the temperature from the combustion front with largest range towards the injection well and the smallest range vertically, against the stratification. Pressure effects are smaller compared with the temperature effects and have been neglected in modeling the reservoir properties. We used a constant pressure of 1050 PSI, and a maximum temperature (at the combustion front) of 538 °C and 60 °C for regular reservoir temperature. That level of temperature is typical on In Situ Combustion processes and represents twice of the burning temperature got during the lab tests made.
A rock physics model was calibrated to the well-logs of the site and a well near to the site experiment, was used to provide background values for: shale volume fraction (Vshale), total porosity, water saturation and oil saturation. The rock physics model estimates the compresional velocity (Vp), shear velocity (Vs) and mass density for the strata (see Mavko et al., 1998 , for a review). The effect of temperature in elastic properties and mass density of the rock matrix and fluids was calculated, using temperature gradients. There is no phase change associated with the oil, which remains in liquid phase in the full range of temperature due to its 13 API gravity; heavier oils may require quasi-solid phase change considerations according to temperature and seismic frequency (Han et al., 2008) . For the burning effect over the rock matrix we used a constant 20% decrease in Vp, and Vs and a constant 5% decrease in density as estimated from well-log data by Greaves and Fulp (1987) . Figure 2 shows a section through the medium configuration after a modeled advance of 216 m of the combustion front. The shale fraction and total porosity is horizontally uniform and derived from well-log data; the gas saturation is complete at the volume of the reservoir enclosed by the combustion front and null outside the combustion front; the oil-water saturations outside the combustion front is given by the well-log data. Note that the gas layer is thicker towards the injector well and gets thinner towards the front, as resulted from the flow and combustion modeling. The modeled compresional wave velocity, shear wave velocity and mass density are shown also in the figure, with decreased values associated to the accumulation of the fluid substitution, matrix burning effect, and thermal effects. No fluid substitution effect is present in the Vs field but the thermal and burning effects are present.
Seismic modeling and sensitivity results
After the calculation of the elastic property fields for a given time of the front evolution, the seismic reflection data was calculated for gathers with maximum offsets of 1500 m and a bin size of 6x6 m 2 . The calculation of the seismic data involved the exact solution of Zoeppritz's reflectivity equations for PP and converted PS phases, and incidence angles according to modeled reflection time and offset. The reflectivity is convolved with source wavelets extracted from an existing seismic survey in this area.
We evaluated the results in offset gather domain and in partial stacks for offset ranges both for the PP and PS reflections. Figure 3 shows an example of seismic gather calculated at 48 away from the injection, at the configuration of the burning point at 144 m from the injector well. Figure 4 shows PP seismic sections obtained from partial stacks of the gathers in the range of 0°-15° that correspond to the base synthetic survey and monitors at various propagation distances of the burning front. Two major effects in the seismic sections can be clearly stated:
(1) Large amplitude reflections at the top (negative) and bottom (positive) of the reservoir associated to the combined effects of the fluid substitution and rock matrix burning in the volume located behind the combustion front. (2) Time delays for the reflectors beneath the combustion front, such as the basement reflection shown. This reaches its maximum alienated with the maximum temperature at just the head of the burning front.
These two effects are equally observed in the PS converted waves and the partial angle stacks for larger incidence angles. We evaluated various configurations of the gas layer (multiple layers) and considered thin layers up to 2 m thick with still measurable effects in the seismic data.
It is also important to notice that the amplitude changes in top and bottom of the reservoir have major influence of the gas to liquid fluid substitution plus the rock burning effect, while the modeled time delays in reflectors beyond the reservoir have major influence from the temperature increment field due to heat diffusion and actual location of the combustion front; also the aquifer dynamics may affect the temperature field and thus the time delays.
Field case
A seismic time-lapse survey was designed for high spatial resolution, with optimal azimuthal and offset distribution, to monitor the implementation of an in-situ combustion field experiment. The bin size after processing was of 6x6 m 2 with a design fold of 25 traces. The geophones used were multi-component and the sources explosive. A postplot of the acquisition is shown in figure 5a and figure 5b shows the azimuthal coverage. Figure 6 shows preliminary results of seismic amplitude total stacks after PSTM migration for the base survey, the monitor survey and their difference after time, phase and frequency matching for the target reflector. The figure shows the top (negative) and bottom (positive) reservoir seismic amplitude reflection increase as expected from our sensitivity model. The size of the amplitude anomaly shown in the figure is approximately 300 m. The processing and analysis of the field experiment are in course.
Conclusions
We modeled the seismic time-lapse response due to an insitu combustion process, under the specific site conditions of a field experiment. Our model considered the effects of fluid substitution in the reservoir layer, rock matrix burning and temperature increase in the formation. The sensitivity study showed positive results for the monitoring of the process, which produced in the time lapse seismic: (1) the increase of reflection amplitudes at the top and bottom of the reservoir and (2) time delays in reflectors beneath the burning front. The implementation of the field experiment and the results obtained confirm the successful design of the seismic time-lapse survey and the validity of the method for monitoring changes in the rock properties the evolution of the combustion front on in-situ combustion process. 
